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1. INTRODUCTION

The parachute provides the conventional means for delivering
payloads from an aircraft to a ground site where the aircraft
cannot or would rather not land. One problem with a parachute is
that, given a ground target to which the payload must be
delivered, there is only one point (for a given altitude and wind
profile) from which the parachute can be deployed. This problem
is a consequence of the parachute's lack of maneuverability.

A gliding airdrop system provides another means for
delivering payloads from an aircraft to a ground site. These
systems are deployed from an aircraft in flight in the same man-
ner as conventional parachute systems are deployed. The payload
is extracted from the aircraft and a canopy is drawn out of a
pack and inflated. The payload then rides suspended below the
canopy until landing. Unlike the parachute, however, the gliding
canopy is specially constructed to produce forward motion as it
descends and to execute controlled turns. This capability to
maneuver gives rise to a large area (or "deployment window") from
which the gliding airdrop system can be deployed with the stated
goal of reaching a given ground target.

Given the maneuverability of the gliding airdrop system, we
would like not only to steer it to a designated landing site, but
also to have it heading into the wind upon landing, so as to re-
duce the landing speed. To achieve these goals, we need:

1) A guidance law

2) Techniques and hardware for acquiring and processing the
data required by the guidance law, and

3) A method and hardware for actuating control lines in
response to a signal derived by the guidance law.

i=1
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The U.S. Army Natick R&D command has developed several guid-
laws which are discussed in detail in the literature.l:?

Briefly, these are as follows:

1)

2)

3)

*Radial homing®, in which the gliding system's airspeed
vector is continuously aligned with the line of sight to
the target. In the fixed-wind coordinate system, this
is analogous to “pursuit navigation" in the missile-
guidance field.3 This method requires the least amount
and sophistication of peripheral equipment.

"Azimuth Homing®,4 in which the gliding system's
airspeed vector is maintained at some fixed angle with
respect to the line of sight to the target. This method
encompasses the specific case of radial homing, and, in
the wind-fixed coordinate system, this method is
analogous to "deviated-pursuit" in the missile-guidance
field.3

“Cone-of~silence homing"™, which 1is basically radial
homing, modified by a cone of silence over a target-
based beacon.

AL,
TR74-42-AD, AD780-015, U.S. Army Natick Laboratories, 1973,

Goodrick, Pearson, and Murphy, "Analysis of Various Automatic
Homing Techniques for Gliding Airdrop Systems with Comparitive
Performance in Adverse Winds," AIAA Paper No. 73-462, AIAA
Aerodynamic Deceleration Systems Conference, 1973.

NARADCOM RFP No. DAAK60-78-C-0022, 22 August 1977.

A.S. Locke, Bd., Guidance, Princeton, N.J.: Van Nostrand, 1955.

Murphy, Jr., “Azimuth Homing in a Planar Uniform Wind,"
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4) "Conical homing," which uses radial homing with the ad-
dition of elevation angle.

5) “Direct homing"®, which results in a straight, wind-
compensated flight to the target. In the wind-fixed
coordinate system, this is analogous to "lead~collision
navigation" in the missile guidance field.3

6) “CHM5", which uses a completely described mathematical
path from a wide range of initial positions down to a
landing at the target facing into the wind.

7) "Directed Radial Homing", which accommodates such fac-
tors as irregular landing zones and nearby hills or

towers.

NARADCOM has also developed a computer simulation for
evaluating the performance of these guidance laws in terms of
miss distance and landing groundspeed. The results of this simu-
lation are discussed in Reference 1.

Many techniques for trajectory instrumentation® and remote
control, along with the associated hardware, have been developed,
but have never been applied to the automatic control of gliding

airdrop systems.

The objective of this contract has been to assess guidance
techniques and available hardware which are suitable for gliding
airdrop systems. Information resulting from this contract will
indicate the suitability of available hardware for measuring
required flight data, processing these data according to one of

5 see, for example, N. Lawhead, "Position Location Systems
Technology,” IEEE Position Location and Navigation Symposium,
1976.
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several guidance schemes, and activating control 1lines as
required to guide a gliding airdrop system.

The program comprised two phases of 14 weeks each: Phase I,
from January 13 to April 21, and Phase II, from May 12 to August
25.

Phase I, or the preliminary study, was intended for the con-
sideration of a wide range of techniques and related devices in
limited detail. Here, we identified readily available components
for signal generation, signal acquisition, data processing,
steering, and control actuation. Particular attention was
directed at methods of acquiring any set of parameters that would
specify the gliding airdrop system's position vector (relative to
the target), its airspeed vector, and its inertial velocity
vector.,

Phase II, or the system design study, produced a detailed
equipment list and specifications for five guidance subsystems
selected by NARADCOM during their three-week interim review.
Table 1-1 lists the selected subsystems and the characteristics
of each. The subsystem designations (3a, 3b, 1b, 2c, or 4) are
carried on from the Phase I report.

This technical final report describes these subsystems in
detail. Sections 2, 3, 4, 5, and 6 describe subsystems 3a, 3b,
b, 2¢c, and 4, respectively. Section 7 describes airborne
sensors for measuring heading, altitude, airspeed, and sideslip.
Section 8 describes the command link, which allows a ground-based
operator to override the computed steering commands at close
ranges. Section 9 describes a single-board computer for airborne
computation. Section 10 discusses pneumatic and electric
actuators for operating the control lines. Section 11 gives
conclusions and recommendations for follow-on work.

1-4
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TABLE 1-1 CHARACTERISTICS OF SELECTED GUIDANCE SUBSYSTEMS

Guidance Plan-Position Measurement Computation
Subsystem Fixing Scheme Site Site
3a rho-rho ground-based ground-based
3b rho-rho airborne airborne
1b rho-theta ground-based ground-based®|
2c theta-theta airborne airborne
4 (homing) airborne airborne

S¥eints gt ooy

* Section 4 discusses an

are computed on the vehicle (airborne).

1=3%

alternative in which steering commands




2. GUIDANCE SUBSYSTEM 3a

2.1 General Description

An airdrop vehicle's position can be determined by measuring
the three ranges between that vehicle and three known ground
sites. Each range measurement defines a hemisphere around the
corresponding site. The intersection of three such hemispheres
provides a fix. This trilateration concept is basis for guidance
subsystem 3(a), a deployed version of which is depicted in Figure
2-1.

Guidance subsystem 3(a) uses a C-band Motorola MR-III (Mini-
Ranger III) Tracking System to

1) measure the three ranges;

2) provide a data link from the vehicle to the ground;

3) compute steering commands, based on this information, at
one of the ground sites according to a particular guica-
ance law; and

4) transmit these commands back to the vehicle.

Vehicles are interrogated individually, with each assigned a
unique address, allowing the system to control several vehicles
simultaneously. The command 1link allows a manual command
override, permitting remote control by an observer on the landing
zone.
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The airborne guidance package consists of the following:

l) a compass (section 7.1)

2) an altimeter* (section 7.2)

3) an airspeed and direction indicator (section 7.4)

4) an MR-III mobile reference station with two-way
data link capability

5) an actuator with a follow-up potentiometer (section
10), and

6) a power supply.

The ground equipment consists of

7) an MR-III range console

8) two MR-III coded fixed reference stations
9) an MR-III data processor

10) a data processor interface terminal, and
11) a power supply.

The MR-III tracking system comprises the special equipment,
which will be discussed in the following sections.

2.2 Special Equipment

2.2,1 MR-III Tracking System

The basic MR-III Tracking System, shown in Figure 2-2, uses
pulse radar to locate the position of a vehicle with respect to a
known baseline. (The present application requires the system's

*Although altitude can be computed through trilateration, the
resulting accuracy can be quite poor due to the so-called
"geometric degradation of precision". This, along with the need
for a rate-of-descent indication, dictates the need for an altim-
eter.

ki




multiple baseline capability, which will be discussed later.) At
one end of the baseline is a "control station" consisting of a
range console and two receiver-transmitter units. At the other
end is a "fixed reference station". The vehicle carries a
"mobile reference station". Line-of~sight contact between the
control station and each reference station, and between the ref-
erence stations themselves, must be maintained.

One of the receiver-transmitter units at the control station
interrogates the mobile unit. When the mobile unit receives the
interrogation, it transmits a reply. The control station re-
ceives the reply, and computes a range to the vehicle based on
the elapsed time betwen the interrogation and the reply. This
range is displayed on channel A of the range console, and is made
available for data processing at the console's back panel.

Figure 2-2 - The Basic MR-III Tracking System

2-4




The mobile wunit's reply to a second interrogation is
received by the fixed station which retransmits it to the control
station. The control station's other receiver-transmitter re-
ceives the fixed station's reply, and the control station com-
putes a loop range from the elapsed time. The display on channel
B of the range console is one-~half the distance around the loop;
this information is also made available for data processing at
the console's back panel.

The distance from the fixed station to the mobile station is
computed as the loop range, minus' the baseline range, minus the
range from the control station to the mobile station. If the
vehicle's position is confined to a known plane (for example, the
surface of the earth), then this system will determine that posi-
tion, with an ambiguity concerning to which side of the baseline
the vehicle lies. This ambiguity is normally resolved by an ob-
server at the control station, or by previous knowledge of the
vehicle's position.

In the present application, the "known plane" is established
by a barometric altimeter on board the gliding airdrop vehicle.
The plane is at the measured altitude above the desired landing
point, and parallel to the earth's surface. Furthermore, the two-
point ambiquity is resolved by a second baseline. One might argue
that the second baseline provides a three-dimensional fix without
the need for an altimeter; how ever, the errors inherent in de-
riving altitude through trilateration can be unacceptably large.

In addition to resolving the ambiguity, the second baseline
provides two other benefits:

1) Once the ambiguity is resolved, the system will be able
to track the vehicle using a single baseline, should
measurements relative to the other baseline be lost
(e.g., should the line-of-sight between a fixed station
and the mobile station become obscured).

2-5
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2) Two baselines reduce the uncertainty resulting from
“"geometric degradation of precision". This is
demonstrated in Figure 2-3.

A second fixed reference station provides the second
baseline, which shares the control station with the first
baseline as a common endpoint. To distinguish one from the
other, the two fixed reference stations are coded; by addressing
the proper fixed reference station, the control station can mea-
sure the corresponding loop range. The choice of the baseline
can be dialed into the front panel of the range console, but in
the present application, the baseline selection would alternate
under computer control through the back panel.

The same approach is used to track multiple vehicles. To
distinguish one vehicle from another, each mobile reference sta-
tion is coded; the control station can then locate any vehicle by
encoding the interrogation with the proper address. A choice of
one of up to 16 vehicles can be dialed into the front panel of
the range console, but in the present application, the vehicle
selection would be commutated under computer control through the
back panel.

In addition to tracking each vehicle, the MR-III in this
guidance subsystem provides a data link to acquire data (compass
heading, airspeed, sideslip, altitude, altitude rate, and
actuator follow-up from each vehicle) for guidance computation,
and a command link to transmit guidance commands back to each
vehicle. The system has the capability of encoding four bits of
vehicle data onto each reply, and of encoding four bits of com-
mand onto each interrogation. The control station normally aver-
ages five interrogations to obtain a range measurement, and three
range measurements are required for a fix; therefore, 60 bits of
information can be transmitted and received per fix. Actually,
there is some overhead involved; 12 of these bits are used for
framing and error checking, so that only 48 bits are available

2-6







for data or commands. The bit lengths assigned for data might be
as follows:

compass heading: 9 bits
airspeed: 9 bits
sideslip: 4 bits
altitude: 12 bits
altitude rate: 10 bits
actuator follow-up: 4 bits

total: 48 bits

Although 48 bits are available for commands, as few as four bits
would probably suffice.

To summarize briefly, the interrogation must address a vehi-
cle and a baseline, and must carry steering commands for the ve-
hicle addressed. Each reply must carry some vehicle data. All
this information is encoded using pulse-position modulation, and
the associated waveforms are shown in Figure 2-4.

The interrogation waveform is a train of four 1 us pulses
which the range console transmits every 1.56 ms. A range console
coder assembly sets the spacing between the first and second
pulses to one of 16 values (nominally around 75 us) to address
one of 16 vehicles. It sets the spacing between the second and
third pulses to one of two values (nominally around 50 us) to
address one of two baselines. And, it sets the spacing between
the third and fourth pulses to one of 16 values to carry four
bits of steering commands.

The reply waveform is a train of three 1 us pulses which the
mobile reference station transmits in response to the
interrogation. The spacing between the first two pulses of the
reply is equal to that between the second and third pulses of the
interrogation. The mobile reference station coder sets the spac-
ing between the second and third pulses of the reply to one of 16
values to carry four bits of data back to the range console.

2-8
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This reply waveform is also received by both fixed reference
stations. The baseline code (the spacing between the first and
second pulses of the reply waveform) will cause the appropriate
fixed reference station to retransmit the reply to the control
station for the loop range measurement. For this reason, the
fixed reference stations are also called coded repeaters.

Antennas available for the MR~III tracking system include
hemispherical, 6 dB (elevation) omnidirectional, and 13 and 19 dB
sector antennas. The airdrop vehicle, which carries the mobile
reference station, could be located anywhere relative to the
ground sites; therefore, the mobile reference station, both fixed
reference stations, and one of the receiver-transmitter units on
the control station should use hemispherical antennas. The sec-
ond receiver-transmitter unit on the control station does not
actually transmit in this application, and receives only signals
from the fixed reference stations. These fixed reference sta-
tions can be located in any direction on the ground relative to
the control station; therefore the control station's second re-
ceiver-transmitter unit should use an antenna that is omni-
directional in azimuth, Because this antenna does not receive
signals from airborne equipment, it should have most of its gain
at low elevation angles where the useful signal lies. The 6 dB
omnidirectional antenna is particularly suited for this purpose.

Table 2-1 gives specifications for the MR-III tracking sys-
tem. One specification that requires elaboration is the range
accuracy. Contributors to absolute range error are RF-link
operating signal level, range clock frequencies, and atmospheric
propagation properties. Many factors in turn contribute to each
‘'of these. Temperature and aging influence clock frequencies.
The RF link signal level 1is influenced by RF transmit/receive
power, sensitivities, and frequencies; antenna gain and aiming;
and environmental multipath signal cancellation. Atmospheric
properties influence the velocity of radar propagation and hence
absolute accuracy.

2-10




" . [
BN dcoh ST e 3. 2 < i 8 0 N el oy W e S B e 5

TABLE 2-1 MR-III TRACKING SYSTEM SPECIFICATIONS

Operating Frequency .......5400 to 5600 MHz

ACCULACY sssssssssssssssssetd meters probable range error

Number of Baselines

(Fixed Stations) ..........1 standard, 3 optional

Number of Coded

Mobiles ...eicveveceecescssd standard, 16 optional; can be
increased by adding more control
station/fixed stations combinations at
different frequencies

Operating Range€............Depends on antennas used at either end.
Ranges for various combinations listed:

Combination Range
6 dB omni/6 4B omni = 19 km (10 nmi)
standard
6 dB omni/13 dB Sector 37 km (20 nmi)
6 dB omni/19 dB Sector 75 km (40 nmi)

Area of Coverage...........Depends on which antennas are used

Antenna Angle of Coverage
6 dB Omni 360° azimuth, 25° elevation
13 dB Sector 80° azimuth, 15° elevation
19 dB Sector 80° azimuth, 15° elevation

MOBILE STATIONS AND FIXED STATION

POWEE «icvvvsncensssnenssseld watts (nominal) at 24 to 30 vdc
Weight .. icieeenveneseesese2:3 kg (5 pounds)

Operating Temperature .....54° to +71°9C

Dimensions .....ie0000eeeseld X 26 x 17 om (5.5 x 10.3 x 6,5 in,)
Antenna ....ccvevevesesssssStandard - 6 AB omni-directional
Codes ..vivvivrenssssesssssd standard, 16 optional

2-11
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TABLE 2-1 MR-III TRACKING SYSTEM SPECIFICATIONS (CONT.)

CONTROL STATION RANGE CONSOLE

Range Readout .............6 digit both Channel A and B in meters
(std), yards or feet (optional)

POWEL +eveeeccsescscssesnsssl? watts at 115/230 Vac, 50 to 400 Hz or
57 watts at 24 to 30 Vdc (specified at
order)

Operating Temperatures ....0° to 50°C

Dimensions ....ccce0000+0..43 x 46 x 14 cm (17 x 18 x 5.5 inches)

WEIGHY . sscsvrscnnnnansnsnalBed RO - (32 1bs)

COAES .cvvesseasessceassess.d standard, 16 optional

CONTROL STATION RECEIVER/TRANSMITTER

POWEL +.ceeecccessseasessss.Supplied by Range Console

Cable Length ...cceeeeeeese.7.6m (25 ft) standard, up to 305m (1000
ft) on order

Operating Temperature .....-40° to +60°C

Dimensions ...cceceeecccessl6 X 24 x 17 cm (6.3 x 9.3 x 6.3 inches)

Welght ccisensssossosvensessedsd K§ (51DE)

ANtenna ......cccceeesess..5tandard - 6 dB omni directional

Code Control ....ecece.....4 standard, 16 optional
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The MR-III is specified to produce a range reading within a
probable three meter error after adequate calibration; that is,
over the range of signal levels and environmental conditions to
be experienced in actual operation, 50 percent of all readings
would be within three meters of the true value.

Over an interval of a few seconds, the contributors to range
accuracy and the associated range error would be fairly constant.
Thus, velocity estimates computed by differencing successive
range measurements would be unaffected by these errors. However,
the system's range repeatability does affect the velocity esti-
mate. Repeatability refers to the consistency with which the
system will measure a fixed range from one interrogation to the
next. This characteristic is unrelated to accuracy as described
above. Contributors to repeatability performance include system
jitter and range resolution.

The standard system averages five interrogations to generate
a range measurement. The noise, or "jitter" is uncorrelated from
one interrogation to the next; it gives rise to a range measure-
ment that has a roughly gaussian density distribution with a
standard deviation of 0.75 meters.

The other contributor to repeatability is range resolution.
The standard system resolution is one meter; this is the least
significant bit on the back panel connector, and the least sig-
nificant digit on the front panel readout. Therefore, there
exists a plus or minus 0.5 meter ambiguity in the range output
due to the system's resolution.

Another specification that requires elaboration is the
operating range. The operating range for any interrogator-
transponder system is halved for every 6 dB loss of antenna gain
at either end. This is reflected in the specifications of Table
2-1, The price we pay for hemispherical coverage (0dB/0dB hemi
combination) is a net loss of 12 dB in antenna gain relative to
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the standard system, which has an operating range of 19 km. The
operating range for our system with hemispherical coverage is
therefore reduced to 4.75 km. This is about one-third of the
maximum range at which airdrop-vehicle control is required.

The "operating range" as defined by the manufacturer,
however, 1is not actually the maximum range at which the system
will operate. Rather, it is the maximum range at which the
specified accuracy of + 3 meters is maintained. In the present
application, we can tolerate degraded accuracy at longer ranges,
and operate out to the receiver threshold. The corresponding
"threshold" range 1is calculated using the range equation for a
radar beacon:

R'PTEIEBXZO
(am?2 s

where, in this system, Pp = 400 watts is the peak power of the
magnetron transmitter, Gp = Gg = 0dB are the gains of the
transmitting and receiving antennas, X = ,055 meters 1is the
wavelength of the radiation, and S = -100 dBW is the receiver
sensitivity.

The threshold range 1is calculated in Table 2-2 to be
8.7 km. The estimated accuracy at this range would be + 15
meters.

As shown in Figure 2-5, this threshold range falls
short of satisfying the requirements for the gliding airdrop ap-
plication for vehicle elevation angles between 18° (the minimum
elevation for a vehicle with a 3:1 glide slope) and 44° (the max-
imum elevation for a vehicle at a 8.7 km slant range). These
"corners" might be reached, however, by providing the antenna
with a ground plane. This would reduce the antenna gain at low
elevation angles, where it not needed, and increase it at the
critical elevation angles, as shown by broken lines in the fig-
ure,
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TABLE 2.2 CALCULATION OF THE THRESHCLD RANGE FOR THE MR-III
TRACKING SYSTEM

; Parameter +dB -dB
Transmitter Power, Pp 26.0

Transmitter Ant. Gain, G 0.0

Receiver Ant. Gain, Gg 0.0
Waveléngth, A2 25,2
(am) 2 22.0

Receiver Sensitivity, S 100.0

126.0 47.2

R2 = 126.0 - 47.2 = 78.8 dB meters?

R = 39.4 dB meters
= 8,7 km

i e AN P B e e,
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STATION

REQUIRED CAPABILITY IS DEFINED BY BOLD LINES

Figure 2-5 - Range Capability of the MR-III Tracking System

2.2.2 MR-III Data Processor

The Mini-Ranger Data Processor (MRDP) is the central control
and computing element of the Mini Ranger III Automated
Positioning System. The MRDP is a microcomputer system based
upon the Motorola 6800 family of microprocessor products, It
processes range data from the Mini Ranger III using coordinate
and control information entered from the operator's terminal and
correlates this data with external data to compute system posi-
tion in other coordinates and record system information.
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The MRDP specifications are given in Table 2-3. Figure 2-6
shows the front panel and some of the circuit boards. The system
description below was abstracted from the MRDP Operation and In-
stallation Manual.®

The primary function of the MRDP Automatic Positioning Sys~
tem is to gather positioning information from the Mini Ranger III
in the form of ranges to known points and, from that range data,
compute the position of the system in the user's grid coordinate
system.

The system can also gather other data such as time and depth
and correlate this data with the position data. The data may
then be output to an optional storage medium such as magnetic
tape, a printer, or a plotter.

As a third function, the system can compare the present po-
sition with a previously planned 1line and output the result in
the form of guidance information, which is used to position the
systen. The combination of these three functions is the basis
for most automatic positioning systems' applications.

The most basic MRDP positioning system consists of a range
input device (MRS-III), the Data Processor, and an operator's
terminal. All operator communication with the system is accom-
plished through the use of a standard data terminal connected to
the processor through a standard USASCII serial data line. This
interface is compatible with the EIA RS-232C interface standard
and also with a standard 20 MA current loop interface. Thus, a
wide range of data terminal devices may be used with the system.

6 "Operation and Installation Manual Mini Ranger Data Processor
Automatic Positioning System" Document 68-P02525F Revision A;
Motorola Government Electronics Division, 8201E. McDowell Rd.,
Scottsdale Ariz., 85252, 15 November 1976.
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TABLE 2~3 MINI-RANGER DATA PROCESSOR SPECIFICATIONS

Operating Speed

Memory capacity

Computational accuracy

Position fixing interval
Operator interface

Input/Output

Time-of-day clock

Operating voltage

Power input

Physical dimensions

Weight

Operating temperature range

1.0 usec basic cycle time

Up to 64 kilobytes 12 or 16
kilobytes standard programma-
ble read-only memory

40 bits binary precision plus
8 bits exponent and sign

0.5 sec

Serial ASCII, 10 or 30 charac-
ters per second. RS-232C
and/or 20 mA current loop
compatible.

9I/0 connectors available TTL
compatible, parallel BCD
interface, standard

Internal, 24-hour crystal
controlled. Settable through
operator's console.

115/230 VAC, 50-400 Hz 24 VDC
optional

100 watts, maximum

44 x 46 x 14 cm

16 KG

0 to +50°C

2-18
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Figure 2-6 - MR-III Data Processor
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The system is programmed to interact with the operator
through a series of messages designed to aid the operator in the
correct preparation and operation of the system. Invalid re-
sponses or entries are rejected; help messages may be requested
to aid in understanding.

In the Data Entry mode, the operator enters the code and
coordinate information for the reference sites to be used (up to
16) and the coordinate information for the basic lines to be run
(up to 10). The operator next selects the operating parameters,
including the sites to be used and the line to be run and other
operating details such as plotter scale or update rate. This is
called the Operate Set-Up mode.

In the Run mode, the system performs the functions
previcusly described; that is, it computes positions, gathers
data, provides navigation information, and outputs data to pe-
ripheral devices included in the system.

The MRDP uses a floating-point arithmetic package with a
capacity for 40 bits of binary precision plus 8 bits of exponent
and sign, to perform all positioning calculations. The system
utilizes tracking-loop estimation filter techniques to provide
the user with reliable, accurate position data. The standard
position fixing rate of the MRDP is twice per second. All pro-
gram memory is in non-volatile programmable read-only-memory ele-
ments (ROM).

The MRDP system includes a confidence check feature which
may be initiated by the operator at any time. This feature per-
forms a self-test function to exercise all the elements of the
MRDP system including the peripherals to find and identify
faults. The system routinely verifies the line and site data to
reduce errors and is designed to provide error messages to aid in
elimination of operational problems.
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The standard system includes an internal, 24-hour time-of-
day clock, which is crystal controlled for accuracy. The system
may be expanded to increase the operational capability. The ad-
dition of a track plotter provides a continuous record of the
system position; additional data inputs such as depth or tempera-
ture can be included; a track indicator may be added for guidance
along parallel offsets; and tape recording and printing capabil-
ity may be added for permanent data records and later data reduc-
tion. Software options may also be added to increase system
capabilities. These options include optional coordinate systems
and post-processing of data.

The X-Y conversion ROM (Option 501) is used in the basic
system to accept range-range data and compute position in an X-Y
coordinate system.

The program, using the X-Y conversion ROM, can support a
track plotter (Options 504, 505, or 518), a track indicator
(Option 506), and an output interface, printer (Option 507). The
X-Y conversion ROM can be configured for either a four-code or
sixteen-code Mini-Ranger III range input.

The MRDP has a Termiflex Terminal Connector on the rear
designed to interface directly with the Termiflex hand-held ter-
minal when this is used as the operator's terminal. A standard
RS-232C interface provides compatibility with standard EIA RS-
232C data terminals and the data rate may be set to 10 or 30
characters per second. A 20 ma current loop interface is also
provided using 3 unused pins in the RS-232C connector.

2.3 Data Acquisition

The guidance scheme implementations require differing sets
of sensors and initialization and command inputs. Many of the
sensors are used in a number of systems so the various
Input/Output (I/0) diagrams have general similarity.
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The I/O0 Block diagram for guidance subsystem 3a is shown in
Figure 2-7. The number of lines in a data bus from each sensor
is in general the maximum useable resolution from each device.
This serves to identify the maximum number of digital input lines
which could be required. In actual implementation, tradeoffs
between cost, accuracy requirements, and reeolution and
quantization may permit use of lower resolution.

2.4 Mechanical Design

The mechanical design concept for the airborne guidance
package of guidance subsystem 3a could be similar to that
discussed insection 5.4 for subsystem 2c. The differences would
be as follows:

1) the MR-III mobile reference station would replace the
two ADF receivers;

2) the associated hemispherical antenna would replace the
ADF antenna and ADF amplifier;

3) there would be no airborne computer;

4) there would be no separate command receiver or antenna,
unless desired to establish a redundant command link.

The total airborne guidance package would weigh about 430
lbs. This represents less than 7% of the total vehicle's weight,

assuming a 6000 pound payload.

2.5 Equipment List and Prices for Guidance Subsystem 3a

Table 2-4 1lists equipment and prices for guidance subsystem
3a.
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Figure 2-7 - Guidance Subsystem 3a I/0 Block Diagram
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TABLE 2-4 EQUIPMENT LIST AND PRICES FOR GUIDANCE SUBSYSTEM 3a

Alrborne Equipment

Digicourse 101 Compass

Digicourse 261 Interface Unit

Rosemount 1241 Altimeter with rate option
J-Tek 320 Airspeed, direction indicator

Motorola MR-III Mobile Station with two-way
data link and 16 code option
(Various) Electronics Power Supply
Ramsey DC2 Electric Winch and Associated
Equipment*
Total per Vehiclet

Ground Equipment

Motorola MR-III Control Station - includes
two-way data link, 16 code basic tracking
system control station, three data
processors** with X~-Y PROM and two
and two receiver/transmitters.

Motorola MR-III Fixed Stations - includes
two coded repeaters

(Various) Data Terminal
Total

Price

$ 618.
550.
1,453,
545.

17,000.
150.

894.

(est.)

$21,210.

Price

$110,000.

8,000.
2,300.

$120,300.

* See Section 10.2 for Itemization

* For price with Pneumatic Actuation System, add $464.

NOTE:

mounting brackets, fabrication, test, or shell.

*+ 7o handle the thruput requirement
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3. GUIDANCE SUBSYSTEM 3b

3.1 General Description

Guidance subsystem 3(b) is similar to 3(a), in that it uses
trilateration to determine the position of the airdrop vehicles.
However, whereas subsystem 3(a) measures the three ranges and
computes steering commands on the ground, subsystem 3(b) does
this aboard each vehicle.

The airborne equipment is the same as that required for
subsystem 3(a), except that a unit known as the MR-III range
processor, shown in Figure 3-1, replaces the MR-III mobile ref-
erence station; also, the airborne equipment includes a command
link receiver for manual command override. The ground equipment
consists only of three MR-III coded fixed reference stations, and

a command link transmitter.

The airborne range processor combines the functions of the
range console and the data processor as described in section 2.

The range processor interrogates a ground-based fixed refer-
ence station by using pulse-position modulation to encode that
station's address. When the proper fixed reference station re-
ceives the interrogation, it transmits a reply. The range
processor's receiver-transmitter unit receives the reply, and
computes a range to the station based on the elapsed time between
the interrogation and the reply. The processor stores this
computed range in memory. The other two ground stations are
interrogated in turn. The three ranges define the position of
the airdrop vehicle. The processor uses this position, along
with data from the airborne sensors (the compass, altimeter, and
airspeed and direction indicators) to compute steering commands.

At close ranges, an observer on the ground can override the
computed steering commands using the command link transmitter.

3-1




Figure 3-1 - MR-III Range Processor

The system uses only two frequencies in the operating band
for position location: one for the interrogation, and one for
the reply. (This is as opposed to subsystem 3(a), which uses
three: one for the interrogation, one for the mobile reference
station reply, and one for the fixed reference station reply.)
For this reason there is only one receiver-transmitter unit
associated with the range processor (rather than two, as with the
range console of subsystem 3(a)). The system measures only di-
rect ranges to the ground stations; there are no "loop-range"
measurements, and therefore no requirements for line-of-sight
contact between the ground stations.

In subsystem 3(a), an operator could use the interface ter-
minal to enter required data (such as the ground sites'
coordinates*, desired landing point coordinates, and the local

*perhaps best expressed in a polar coordinate system, the origin
of which is the control station, with angles referenced to mag-
netic north.
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barometric pressure) into the single ground-based processor. In
subsystem 3(b), however, an operator on board the deploying air-
craft would enter these data into each airdrop vehicle's computer
through a common umbilical. A ground-based operator would use an
existing voice link to send the required information to the air-
borne operator.

The system would accommodate several vehicles by using the
"multi-user" software option. This option introduces, among
other things, random timing in the interrogations from a given
range processor to greatly reduce the probability of simultaneous
interrogations from more than one range processor.

3.2 Data Acquisition

Figure 3-2 shows the I/O block diagram for guidance subsys-
tem 3b. The general comments of section 2.3 apply here as well.

The command override method shown in the system I/O diagram
uses the analog steering command from the command receiver
converted to a digital word. The turn-rate command is input to
the computer where it is compared to the actuator position meas-
ured by the follow-up pot. Commands are sent by the computer to
the actuator control which then drives the actuators for

steering.

A potential problem with this method of command override
could be computer reliability. An alternative command override
technique is shown in Figure 3-3, where the computer is bypassed
in the command override mode. The analog steering command from
the command receiver is compared with the follow up pot actuator
position signal by two comparators (C). 1In this alternative sys-
tem, the actuator position 1is continuously measured, and
hysteresis and dead zones are included to prevent hunting.
Braking is applied each time the desired actuator position is
achieved.
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3.3 Mechanical Design

The mechanical design of the airborne guidance package for
guidance subsystem 3b would have to accomodate the rather bulky
MR-III range processor and its associated receiver-transmitter
unit. The weight and dimensions of the receiver-transmitter unit
are similar to those of the mobile reference station of subsystem
3a, but the range processor would add about 14 kg and 43 x 46 x
14 cm to the mass and volume of the total guidance package.
Also, the present design would have to include a manual command
link receiver-decoder and receiving antenna. In all other

respects, the design features would be similar to those discussed
in Section 2.4.

3.4 Equipment List and Pticés for Guidance Subsystem 3b

Table 3-1 lists equipment and prices for guidance subsystem
3b.
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TABLE 3~1 EQUIPMENT LIST AND PRICES FOR GUIDANCE SUBSYSTEM 3b

Airborne Equipment

Digicourse 101 Compass

Digicourse 261 Interface Unit

Rosemount 1241 Altimeter with rate option
J~Tek 320 Airspeed, direction indicator

Motorola MR-III Range Processor with 16
code multi-user options and one
receiver/transmitter

Kraft KTR 1-16 Manual Command Link
Receiver/decoder

(Various) Electronics Power Supply

Ramsey DC2 Electric Winch and Associated Equip.

Total per vehiclet

Ground Equipment

Motorola MR-III Reference Stations - includes
three l6~code reference stations
Kraft KTT 1-16 Manual Command Link
Encoder/Transmitter
Total

Price

$ 618.
550.
1,453.
545.

30,000.

700.
150. (est.)
894.

34,910.

Price

$7,500.

700.

$8,200.

* See Section 10.2 for Itemization

* For price with Pneumatic Actuation System, add $464.
Note: Total does not include any required interfacing circuitry,
mounting brackets, fabrication, test, shell, or deploying

aircraft's data entry console.
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4. GUIDANCE SUBSYSTEM 1b

4.1 General Description

An airdrop vehicle's position can be determined by measuring
the slant range, azimuth, and altitude of that vehicle relative
to a known ground site. The slant range measurement defines a
hemisphere around the ground site. The azimuth defines a semi-
infinite plane normal to the earth's surface. The altitude de-
fines a plane parallel to the earth's surface. The intersection
of the hemisphere and the two planes provides a fix. This posi-
tion-fixing scheme is an extension of the rho-theta concept to
three dimensions; it is the basis for guidance subsystem 1(b), a
deployed version of which is depicted in Figure 4-1.

Guidance subsystem 1(b) uses a C-band MR-III tracking system
to
1) measure the azimuth and slant range;
2) provide a data link from the vehicle to the ground;
3) compute steering commands, based on this information, at
the ground site, and
4) transmit these commands back to the vehicle.

A barometric altimeter measures the vehicle's altitude rela-
tive to the 1landing zone, and this is among the data that are
linked from the vehicle to the ground.

Vehicles are interrogated individually, with each assigned a
unique address, allowing the system to control several vehicles
simultaneously. The command link allows a manual command
override, permitting remote control by an observer on the landing

zone.
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The airborne equipmeht is identical to that of subsystem
3(a):
l) a compass (section 7.1)
2) an altimeter (section 7.2)
3) an airspeed and direction indicator (section 7.4)
4) an MR-III mobile reference station with two-way
data link capability (section 2.2.1)
i 5) an actuator with a follow-up potentiometer (section
10), and
6) a power supply.

The ground equipment consists of

7) an MR-III range console (section 2.2.1)
8) a rotating antenna and mainbeam detector
9) an MR-III data processor (section 2.2.2)
- 10) a data processor interface terminal, and
11) a power supply.

The rotating antenna is special equipment and will be
discussed in the following section.

1
4.2 Rotating Antenna and Main Beam Detector ‘

§ Guidance subsystem 1(b) uses a C-band rotating antenna in
i_ conjunction with an MR-III range console to determine the range
1 and azimuth of an airdrop vehicle carrying an MR-III mobile ref-
‘ erence station. Figure 4-2 shows the unit that contains the an-
% tenna, its drive motor, and the transponder. Table 4-1 lists the
% electrical and environmental specifications.

:
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TABLE 4-1 SPECIFICATIONS FOR THE ROTATING ANTENNA

ELECTRICAL

U7 RO

Frequency
Gain
Beamwidth (3 dB)
Azimuth
Elevation
Rotation Speed
(20 or 26 RPM optional)
Drive Motor Power

Power Consumption
Side Lobe Attenuation

ENVIRONMENTAL

Temperature
Humidity

Wind Loading
Altitude
Vibration

5400-5600 MH2z
18 dB minimum

8 degrees nominal
30 degrees nominal
30 RPM

115/230 VAC or
24 VDC

20 watts nominal

10 dB minimum

-40°C to +60°C
To 99% non-condens-
ing
100 kts maximum
20,000 ft maximum
MIL-STD-810C
Process IIC; Method 514.2
(.10" D.A.: 5 to 500 Hz)




Slant range to the vehicle is measured as in the systems
using trilateration. A receiver-transmitter unit at the ground
station (the transponder in Figure 4.2) interrogates the airborne
mobile unit. When the mobile unit receives the interrogation, it
transmits a reply. The ground station receives the reply, and
computes a range to the vehicle based on the elapsed time between
the interrogation and the reply.

Because of the ground-station antenna's narrow beamwidth in
azimuth, the strength of the returned signal at the antenna
output port depends on the vehicle's angle off the mainbeam. As
the antenna scans in azimuth, the returned signal strength peaks
whenever the mainbeam passes by the vehicle. With an 8 degree
beamwidth, a scan rate of 30 revolutions per minute, and an
interrogation rate of 640 per second, there is time for 28
interrogations while the vehicle is in the mainbeam (neglecting
vehicle motion in azimuth). The mainbeam detector circuit looks
for the peak in the returned signal during this time. The azi-
muth of the antenna (as read from a shaft encoder) at the time
corresponding to this peak is the azimuth of the vehicle, to
within plus or minus 1 degree.

This azimuth is stored in the data processor, so that the
system will know when to start interrogating the vehicle on suc-

cessive scans.

While the vehicle is in the mainbeam, the interrogations
carry steering commands to the vehicle (as well as the address
for the vehicle), and the replies carry data from the vehicle
(compass heading, airspeed, sideslip, altitude, altitude rate,
and actuator follow-up). The bit lengths assigned for data and
commands, and the method of encoding the information, 1is as
described in section 2.2.1. However, the waveforms are simpler
in the present method because there are no baselines to addtessh{




The mainbeam passes by the vehicle only once every two
seconds, which implies an update rate of 0.5 Hz. Furthermore,
the commands for a given scan are based upon data taken from the
previous scan, and are therefore stale by two seconds. One can
use predictive filtering to alleviate this condition.

The actual update rate can be slower than 0.5 Hz when vehi-
cles lie in overlapping sectors. (A sector is the angle through
which the antenna sweeps while the system dedicates itself to
interrogating a specific vehicle.) 1In the present application, a
sector is about 10 deg. Overlapping sectors must be interrogated
on successive scans; this means, for example, that if four vehi-
cles shared the same sector, the update rate for these vehicles
would be 0,5 Hz/4 = 0.125 Hz. Furthermore, the steering commands
would be stale by eight seconds. It is unlikely, however, that
this condition would last for long; in fact, since the data
processor would recognize this condition, it could steer the ve-
hicles 8o as to eliminate it.

An alternative to the present method, in which steering com-
mands are computed on the ground and transmitted to each vehicle,
is a method whereby the commands would be computed aboard each
vehicle, based on range and azimuth data transmitted from the
ground. This would eliminate the need for a downlink, since the f
airborne sensors would be physically close to the computer. How-
ever, it would require that the ground barometric pressure and
the desired landing point coordinates be entered into each

[ vehicle's computer before deployment, perhaps through a common
umbilical. Also, if the uplink were to serve alternatively as a
command 1link, the message would have to identify itself as
containing either position data or a steering command, so that
the airborne computer would properly interpret it.

One possible disadvantage of any method using the rotating
antenna arises because of its limited elevation coverage of 30
“ deg. Airdrop vehicles at higher elevations might not be tracked.

e

e
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Specifying the desired landing zone to be a fairly long distance
from the antenna would reduce the probability of vehicles being
within the cone of no coverage; or, the data processor could
steer the vehicles so as to keep them clear of this cone.

The operating range of the rho-theta system is greater than
that of the trilateration systems, due to the directivity of the
rotating antenna. Assuming hemispherical antennas on the
vehicles, the operating range would be 38 km for vehicles within
the elevation coverage; this easily satisfies the system
requirements.

4.3 Data Acquisition

The 1/0 diagram for guidance subsystem 1b is identical to
that for subsystem 3a, described in section 2.3. Figure 4-3
shows the I/0 diagram for the alternative method, whereby the
commands are computed aboard each vehicle, based on range and
azimuth data transmitted from the ground. The general comments
of sections 2.3 and 3.2 apply here as well.

4.4 Mechanical Design

The mechanical design of the airborne guidance package for
guidance subsystem 1lb would be identical to that for subsystem 3a
(see Section 2.4).

To implement the alternative method, whereby steering com-
mands would be computed aboard the vehicle based on position data
transmitted from the ground, the design would include a single-
board computer and provisions for a data entry umbilical. And,
if the data uplink would not serve alternatively as a manual com-
mand link, a command link receiver-decoder and receiving antenna
would be added. In either case, the total increase in weight and
volume would be small.
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4.5 Equipment List and Prices for Guidance Subsystem lb

Table 4-2 lists equipment and prices for guidance subsystem
1b. Table 4-3 1lists equipment and prices for the alternative to
subsystem 1lb, which uses an airborne guidance computer.
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TABLE 4-2 EQUIPMENT LIST AND PRICES FOR GUIDANCE SUBSYSTEM 1lb

Airborne Equipment

Price

Digicourse 101 Compass $
Digicourse 261 Interface Unit

Rosemount 1241 Altimeter with Rate Option

J-Tek 320 Airspeed, Direction indicator TCC-FT

Motorola MR-III Mobile Station with two-way
data link and 16 code option

(Various) Electronics Power Supply

Ramsey Electric Winch and Associated
Equipment*

1,453.

17,000.

(est.)

$21,210.

Price

Total per vehiclet
Ground Equipment
Motorola MR-III Rho-Theta Ground Station -
Includes three range processors with X-Y
: PROM, one Rho-Theta option with rotating
| antenna, and data link transmitter/receiver
(Various) Data Terminal.

% . Total

$110,000.
2,300.

$112,300.

T s i et

* See Section 10.2 for Itemization
* For price with Pneumatic Actuator System, add $464.
Total does not include any required interfacing circuitry,

NOTE:

mounting brackets, fabrication, test, or shell.

4-11



TABLE 4-3 EQUIPMENT LIST WITH PRICES FOR ALTERNATIVE TO GUIDANCE
SUBSYSTEM 1b

Airborne Equipment Price
Digicourse 101 Compass § 618. :
Digicourse 261 Interface Unit 550. '
Rosemount 1241 Altimeter with Rate Option 1,453. :
J-Tek 320 Airspeed, Direction Indicator 545. ;

Motorola MR-III Mobile Reference Station
with data link decoder and 16 code

option 12,000.

Single-board computer with I/0 1,000.
: Kraft KTR 1-16 Manual Command Link
? Link Receiver/Decoder 700.
% (Various) Electronics Power Supply 150. (est.)
i Ramsey Electric Winch and Associated Equipment* 894. | |
§ Total per Vehicle* $17,910. %
4§ :
| |
: !

Ground Equipment Price %

Motorola MR-III Rho-Theta Ground Station
includes one range processor with X-Y PROM,
i one Rho-Theta option with rotating antenna,
1 and data~link transmitter. $60,000.
: Total $60,000.

i

| * See Section 10.2 for Itemization
*+ For price with pneumatic actuation system, add $464.
NOTE: Total does not include any required interfacing
circuitry, mounting brackets, fabrication, test, or shell.
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5. GUIDANCE SUBSYSTEM 2¢

5.1 General Description

An airdrop vehicle's position can be determined by measuring
its azimuth relative to two known ground sites and its altitude.
The azimuth measurements define semi-infinite planes normal to
the earth's surface, and the altitude defines a plane parellel to
the earth's surface. The intersection of the three planes pro-
vides a fix. This position fixing scheme is an extension of the
theta-theta concept to three dimensions; it is the basis for
guidance subsystem 2c¢, a deployed version of which is depicted in
Figure 5-1.

Guidance subsystem 2c uses two low-frequency beacons on the
ground (separated by a known baseline) and two ADF receives on
each vehicle to derive the azimuth measurements. The beacons
operate at separate frequencies in the low-frequency band, and
the ADF receivers are tuned to these frequencies. An airborne
compass establishes a heading reference, which, with the two ADF
bearing indications, yields the azimuth relative to each beacon.

As in the other guidance subsystems, a barometric altimeter
measures the altitude above the desired landing zone.

An airborne single-board computer uses the position informa-
tion, along with airborne sensor data, to compute steering com-
mands according to a particular guidance law. The guidance pack-
age also contains a command-link receiver, enabling an operator
at the landing zone to override the computed steering commands at
short ranges.
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Figure 5-1 - Deployed Version of Guidance Subsystem 2c
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Because the guidance computation is airborne, an operator on
board the deploying aircraft would enter the baseline length and
orie«ntation, the desired landing point coordinates, and the
ground barometric pressure into the airdrop vehicle's computer
before deployment, This would be done for several vehicles
through a common umbilical. The information would originate from
a ground-based operator using an existing voice link to the air-
borne operator.

One drawback of this guidance subsystem 1is its inherent
susceptability to ECM (eolectronic countermeasures). Enemy forces
could detect the operating frequency of either beacon, and set up
their own beacon at the same frequency to confuse the ADF
recelvers, In fact, the Army is considering phasing out the use
of these beacons for thelr intended purpose of aircraft naviga-
tion because of the ECM problem. One could alleviate the problem
in the present application by supplying the system with fre-
quency-agility, whereby both the beacon and the receiver would
jump synchronously from one frequency to another. For the enemy
to effectively jam such a system would require that he spread his
power over the entire low-frequency band, thereby reducing his
energy at any one frequency. >§his would require é_;feat deal of
power, perhaps more than he would have available.

The airborne guidance package consists of the following:

1) a compass (Section 7.1)

2) an altimeter (Section 7.2)

3) an alrspeed and direction indicator (Section 7.4)

4) a command-link receiver (Section 8.2)

5) two ADF receivers with antennas

6) a single-board computer (Section 9)

7) an actuator with a follow-up potentiometer (Section
10)

8) a power supply.
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The ground equipment consists of the following:

9) two low-frequency beacons
10) a command-link transmitter (Section 8.1)

The beacons and the ADF receivers are special equipment, and
will be described in the following sections.

5.2 Special Equipment

5.2.1 Low~Frequency Beacons

Ground beacons are required to operate in the ADF-receiver
frequency range of 200~1750 KHz. Well suited for this purpose is
the AN/TRN-30 radio-navigation ground beacon, operating in the
200 to 535 KHz and 1605 to 1750 KHz frequency ranges (See Figure
5-2). It can be set up for four modes of operation: Pathfinder
with 15-foot or 30-~foot antennas, Tactical, and Semi-Fixed with a
60-foot antenna; of these, the Pathfinder mode is best suited for
the present application.

ANTENNAS

/

AMPLIFIER

F 2 \@ bt cel
T .

T™=1129/ TRN ~ 30(V)

Figure 5-2 - AN/TRN-30 Ground Beacon
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The basic Pathfinder Mode is a complete beacon transmitter,
including operator controls, in a single 39.0 pound man-portable
unit, which can provide a range of 25 nautical miles using a
guyed 30-foot top-loaded mast in 200-535 kHz and 1605-1750 kHz or
15 nautical miles to the airborne ADF set at altitudes of 500
feet or higher, with an auxiliary 15-foot guyed antenna in the
1605-1750 kHz range. The antennas are stowed within the
Pathfinder Unit Rucksack. The optional battery permits six hours
of operation, or the unit can be operated from an external 26 + 4
VDC power source.

Table 5-1 gives complete specifications for the AN/TRN-30
beacon in the Pathfinder Mode.

5.2.2 Automatic Direction Finders

Automatic direction finding (ADF) receivers are mounted on
airborne vehicles and use a pair of orthogonal "loop" antennas
whose outputs are combined to measure the bearing to a ground
beacon. ADF receivers typically cover the frequency range from
190 kHz to 1750 in 0.5 kHz steps and provide + 3° to 5° bearing
accuracy over the range of signal strengths from 50 microvolts
per meter to 0.5 volts per meter. An ADF receiver such as the
Bendix ADF 2070, shown in Figure 5-3, produces bearing output
signals with two 31.25 Hz square waves whose phase difference is
proportional to bearing angle. Coherent detection allows long
range reception through improved interference rejection.

The principles of operation of the Bendix ADF 2070 receiver

are outlined below as abstracted from the Bendix ADF 2070 Mainte-
nance Manual and provide a summary of its operation.
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TABLE 5~1 - AN/TRN-30 SPECIFICATIONS

FEATURE

PATHFINDER (a)Primary Ant.
(b)Auxilliary Ant.

Uperating Range at
ADF alt. for 50uvV/meter

'Frequency Bands

Power Output

Frequency Steps

Number of Channels

Frequency Stability Emission
Fmission - Tone automatically

or manually keyed

Radiated Carrier % Modulation, min.

Modulation Frequency

No. of Morse Code Letter$
Combination of Letters
‘Words/Min. Adjustment
Input Pouwer:

Ext. Source Voltage

Ext. Source Current
Int. Batt. Voltage
Int. Batt. Hours of
Cperation

Max. Antenna Height

~Ant. Polarization

Harmon./Spurious Out.:
Qutside Emission
Bandwidth of f, + 5%
per MIL~-STD-461

" Beacon Weight:

(a) 25 NM at 500 ft. AGL
(b) 15 NM at 500 ft. AGL
(a) 200 KHz to 535 KHz
(b) 1605 KHz to 1750 KHz
25 watts

0.5 KHz

964

+ .0001%

CW or MCW

50 - 85%

1020 Hz + 10 Hz
26 + blank

l, 2, 3 or 4

7 to 20

Normal 26 to 30 V
Abnormal 20 to 30 V
3 amp

24 + 4, -2V

6

(a) 30 ft.
(b) 15 ft.

Vertical

-58 DBW

39 lbs.




Figure 5-3 = Bendix ADF 2070 Receiver

PRINCIPLES OF OPERATION

General

The magnetic component of a received radio signal induces
voltages across windings on a ferrite bar core. Maximum
voltage 1is induced when the bar is perpendicular to the
station radial. Minimum voltage is induced when the bar is
parallel to the station radial.

Two mutually-perpendicular ferrite-bar loops are used in the
ADF-2070 system. One bar is perpendicuLar to the aircraft
fore-to~aft centerline and has peak voltage induced when the
received station is straight ahead or straight behind.
Minimum voltage occurs when the station is 90° to the right
or left, The second ferrite-bar loop is parallel to the
aivcraft fore-to-aft centerline. Peak voltage across the
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second loop is induced when the station is 90° to the right
or left; minimum voltage occurs with the station ahead or
behind.

If the aircraft is rotated through 360°, the voltages across
the two loop windings rise and fall according to
the angle between the aircraft heading and the station
direction. As the bars are rotated, the phase of the
induced voltages reverses each time a null is passed.
‘Plotting the voltage and phase of each winding as the air-
craft is rotated yields the graph in Figure 5-4.

T A S IOt N i S Db
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The perpendicular-bar voltage is proportional to the cosine
of the angle to the station, and the parallel-bar voltage is
proportional to the sine of the angle to the station. The
signals from these two bars are referred to as the cosine
signal and sine signal, respectively.
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In a normal aircraft installation, a dc resolver is used to
provide a visual indication of the bearing to the station. In the i
present application, only electrical outputs are required. |4

Signal Processing

In Figure 5-5 the amplitude of an rf signal is indicated by E
the height of the rectangle representing the signal at a
point; an arrow in the box represents phase of the rf
signal. An arrow pointing up indicates an rf signal with ¢
phase +90° ahead of the sense antenna signal. This phase i
lead is due to the inherent phase difference between the ?
magnetic component of the rf signal received by the loop and §
the electrical component of the rf signal received by the .
sense antenna. An arrow in the signal-representative
rectangles of Figure 5-5 that points down represents an rf
signal 180° out of phase with the +90° signal; this signal
lags the sense antenna signal by 90 degrees (-90°).

RF signals are received by loops A and B and amplified. The
loop signals are proportional to the sine and cosine of the
angle to the received station. Each loop signal is applied
to a balanced modulator along with a 31-Hz modulation square
wave. A balanced modulator passes an input signal to its
output without phase reversal when the modulation input is
positive, but reverses the phase of the input signal when
the modulation input is negative. The modulation input to
each balanced modulator is a 31-Hz square wave, so the input
rf signals appear at the modulator outputs reversing phase
at a 31-Hz rate. The 31-Hz modulation inputs are, howzver,
out of phzse by 90° and when the balanced modulator outputs
are added together the 90° phase separation breaks the added
signal into four equal segments per 31-Hz cycle. In Figure
5-6 a station at 45° is used as an example.

TS YIRS S T P TP
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The loop signals at point A are of equal amplitude and are
in phase with each other. The phase of the sine channel
balanced modulator output at point B relative to the sense
antenna signal is +90° for the first half of the 31 Hz < 0°
cycle and is -90° for the second half of the 31 Hz < 0°
cycle. The modulation input to the cosine channel balanced
modulator is 90° out of phase from the sine channel
modulation input. So, for the first quarter of the 31 Hz <
0° cycle, the phase of the sine channel balanced modulator
output relative to the sense antenna signal at point B is

-90°, For the second, third, and fourth quarters of the 31
Hz < 0° cycle the phase of the cosine channel output is
+90°, +90°, and -90° respectively.

Adding the outputs of the sine and cosine channel balanced
modulators produces the signal at point C. In the first
quarter of the 31 Hzx < 0° cycle, the cosine channel and sine
channel signals are of equal amplitude but opposite phase
(-90° and +90°) 8o they cancel and the output is zero. 1In
the second quarter cycle, amplitudes are equal and the
outputs are in phase so a double amplitude +90° signal
results, In the third quarter cycle, amplitudes are equal
but the phases are again opposite (+90° and -90°) so the
adder output is =zero. In the fourth quarter cycle,
amplitudes are still equal and both outputs are in phase so
a double amplitude signal results, this time of -90° phase.

The sum of the cosine and sine channel signals is added to
the amplified sense antenna signal which produces an rf
signal with phase modulation. This phase modulation must
not be confused with the 0° or 180° modulation produced by
the 31-Hz modulators. This phase modulation of the rf
signal is continuously variable in phase with degrees of
phase shift dependent upon the amplitude of the combined
loop signals. The phase of the modulated signal leads or

5-12
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lags the unmodulated rf sense signal depending on whether
the combined loop signal phase is +90° or =-90°.

From the loop-sense adder the phase modulated rf signal goes
to the receiver circuits. Conventional receiver circuits
provide station selectivity, amplification, and signal
detection. The detected, phase-modulated, rf signal is a
stepped waveform (see Figure 5=5 point D) whose
instantaneous polarity and amplitude correspond to the phase
and amplitude of the signal from the cos-sin adder.

A 31 Hz handpass filter passes only the 31 Hz fundamental of
the detected, phase modulated signal. The phase of this sine
wave (point E) relative to the 31 Hz @ 0° modulation signal is
equal to the bearing angle to the received station. The sine
wave is converted to a square wave in the inverter and squarer.
Then this square wave and the 31 Hz @ 0° signal are used to mea-
sure the phase difference.

The exclusive-or gates and filter-amplifiers in the block
diagram are used to derive signals proporitional to the sine and
cosine of the bearing angle to drive a dc resolver for visual
bearing indication. This visual indication system is not needed
in our application.

Table 5-2 gives specifications for the Bendix Model 2070 ADF
system. One specification, the sensitivity, relates directly to
the operating range of the guidance subsystem. The AN/TRN beacon
specifications of Table 5-1 indicate that the beacons will pro-
duce the 50uV/meter field required by the ADF receiver at a range
of 25 nmi (46.3 km). This is well in excess of that required for
the gliding airdrop application.
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5.2.3 Bearing Interface

The two 31.25 Hz square waves with variable phase equal to
the bearing angle must be processed to yield a digital output for
use in the guidance computer. The conversion process must intro-
duce no significant error.

TABLE 5-2 AUTOMATIC DIRECTION FINDER SYSTEM SPECIFICATIONS

Type

Cost

Volume

Weight

Power

Frequency Range

Sensitivity

Accuracy

Bendix System ADF 2070

$1700 including DF 2071A ADF Receiver
AM-2073A ADF Amplifier
AT-2073B Antenna

DF-2071A 4.45 cm x 15.9 cm x 23.4 cm
AT-2073B 27.1 cm x 7.5 cm x 8.75 cm
AM-2073A 3.23 cm x 9.96 cm x 11.48 cm

DF-2071A 1.27 kg
AT-2073B -
AM-2073A 1.0 kg
14 Watts 14/28 Volts
200-1750 kHz
50uV/meter
3° (200 to 850 kHz)
from 60uv/m to 0.5 V/m

50 (851 to 1799 kHz)
from 60 uv/m to 0.5 V/m

I+

I+
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The phase lead of the signal square wave with respect to the
reference is directly proportional to the measuvred bearing angle
in degrees. A phase measuring circuit to provide direct, high
resolution phase measurement is shown in Figure 5-7. Two
monostable flip-flops detect the positive axis crossing of the
signal and reference square waves. The signal axis crossing
causes a digital "1" to appear at the output of the "D" flip
flop. This "1" is set to zero by the reference flip flop. The
ADF receiver clock at 3.2 MHz is divided down to provide the 2070
ADF's 31.25 Hz square wave. This clock also drives a counter in
the converter to produce 212 c1ock pulses per 31.25 Hz period.
These clock pulses are gated to a 12 stage binary counter to
accumulate clock pulses during each cycle of the 31.25 Hz square
wave. The number of gated clock pulses is directly proportional
to the bearing angle. Since one cycle of the 31.25 Hz output is
resolved to one part in 212 (.088°), there will be negligible
accuracy loss in converting the "digital" output to a binary num-
ber for input to the computer.

The twelve-stage counter output 1is stored in twelve data
latches at the same time the counter is reset. The data latches
have a three state output, so they can be multiplexed with other
inputs on the computer I/0 lines.

5.2.4 System Errors

This section will discuss two sources of error that are pe-
culiar to the ADF bearing~measurement technique. The first
arises from pitching or rolling of the platform on which the ADF
antenna is mounted; the second results from operation in the
beacon's near field.
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Figure 5-7 - Digital Bearing Interface for the Bendix

2070 ADF Receiver
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5.2.4.1 Effects of Receiving Antenna Orientation on
ADF Bearing Accuracy

Pitch and roll of the gliding airdrop vehicle can produce
errors in the measured bearing to the ground beacon. The geome-

~ try for pitch and roll is illustrated in Figure 5-8. Ferrite

coil "A" is along the vehicle fore-aft axis while ferrite coil
"B" is along the vehicle horizontal axis, perpendicular to coil
A. The X axis points toward the beacon. The ferrite coils have
maximum response when parallel to the magnetic field component
which is horizontal and along the Y axis.

When the vehicle maneuvers, the response of the A and B
coils is given by

Ha = H cos ap sin B cos ¢
Hb = H cos a, cos B cos ¢

pitch angle
roll angle
bearing angle

where ap

™ R
]
[/

elevation angle

<
n

The bearing from the ADF receiver is obtained as:

BEARING = tan~l (Ha/Hb)
“ -1
tan cos ap tan B
cos ap

Starting at 0° and at every 90° interval, there is negligi-
ble bearing error due to pitch and roll. Maximum error occurs at
90° intervals starting at 45°, At 45° bearing with 10° pitch or
roll, about 0.44° bearing error occurs; with 20° pitch or roll,
about 1.8° bearing error is produced.
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Figure 5-8 - Pitch and Roll Angle Geometry
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5.2.4.2 Effects of Near-Field Operation on ADF Bearing Accuracy

ADF systems are normally used at distances of many
wavelengths from the beacon transmitter. For the gliding airdrop
vehicle, however, the point of closest approach will typically be
less than a wavelength at the lowest beacon frequency (A = 1500
m, 200 kHz) to perhaps several wavelengths at the highest fre-
quency (A = 171 m, 1750 KkHz). At these distances, far-field
approximations are no longer accurate and near-field effects must
be considered.

In the far-field, the electric and magnetic components of
the radiated electro-magnetic energy are in phase, and their am-
plitude ratio equals the impedance of free-space. In the near-
field, the radial electric component becomes significant, the
phase shift between the electric and magnetic fields has large
deviations from the in-phase condition, and the ratio of electric
to magnetic fields varies widely.

ADF Receiver Bearing Measurement Technigues

The methods used for bearing measurement in the ADF receiver
must be examined to assess the effects of near-field operation.

The Bendix ADF 2070 Receiver uses three antennas to measure
direction. Two horizontal ferrite bar antennas at right angles
to each other are used to measure the direction of the magnetic
component of the received radio signal. The sense antenna re-
ceives the electric component of the beacon signal which is used
to resolve the 180° ambiguity inherent in the measurements of the
magnetic component's direction.

The magnetic component of the signal radiated by the ground

beacon 1is horizontal and tangent to the radial to the beacon at
all ranges. Thus, maximum voltage is induced in a ferrite bar
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antenna when it is horizontal and perpendicular to the beacon
radial.

At large distances from the antenna (greater than five
wavelengths), the radial electric field is effectively zero and
the tangential electric field is vertical (at low elevation
angles). The ratio of the tangential electric field and the mag-
netic field equals the characteristic impedance of free space and
the electric and magnetic fields are in-phase.

In the ADF receiver antenna, the magnetic component induces
voltages in the bar antennae which are 90° out of phase with the

electric field received by the sense antenna.

Phase Modulation

The electric and magnetic field voltages are summed in the
antenna amplifier to produce phase modulation of the magnetic
field voltages (see detailed description of receiver operation,
section 5.2.2). Phase modulation in the antenna amplifier allows
a single signal containing complete bearing information to be
translated, filtered and amplified in the ADF receiver without
introducing significant error.

The phase modulation is demodulated in the receiver. The
phase shift of the 31.25 fundamental component is proportional to
bearing angle. The phase modulation produced by summing the
sense and bar antenna signals is sensitive to both signals' rela-
tive amplitudes and phases. Figure 5-9 shows the phasor diagram
for the phase modulation produced by summing. The magnetic com-
ponent signals are phase modulated 0° or 180° and in amplitude
depending upon the bearing angle to the beacon.

If the magnetic and electric component signals are not
orthogonal, or if the magnetic component signal becomes too large

with respect to the electric component signal, non-linearity will
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MAGNETIC COMPONENT

SENSE ANTENNA
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(ELECTRIC COMPONENT)

PHASE ANGLE MODULATION

Figure 5-9 - Phasor Diagram for Phase Modulation of the
Magnetic Component Signal
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be introduced in the phase modulation with resulting bearing
errors. If a 90° phase shift occurs between the electric and
magnetic fields, the phase modulation disappears and no bearing
measurement is possible with the ADF receiver.

The phase modulation produced by summing the electrical and
magnetic signals is given by:

tan~l (cos ©/(H/E + sin 9))

magnetic component signal at summer

electric component signal at summer

phase shift from orthogonality between magnetic and
electric components.

where

O W = e
]

This phase characteristic is plotted in Figure 5-10 for
phase shifts every 22.5° between 0° and 90°. Increasing non
linearity is evident for 45° and 67.5° phase shifts. At 90°
phase shift, the phase modulation goes to zero, and for phase
shifts greater than 90°, the bearing measurement sense is
reversed by 180°,

An example of the computed bearing errors for E/H = 0.3 max-
imum for each of the sine or cosine antenna signals is given in

TABLE 5-3 BEARING ERROR VERSUS PHASE SHIFT

Phase Shift
(¢) 0° 45° 67.5°
Bearing Bearing Error (Degrees)
(B)
0° 0 0 0
22.5° 0.81 -0.73 -2.06
45° 0 0 0
67 -0.81 0.73 2.06
90 0 0 0
5-22
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Figure 5-10 - Relative Amplitude of E/H Versus Phase Modulation
for Several Phase Shifts of E Relative to H
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The bearing errors are 0 at multiples of 45° and reach
maxima at multiples of 22.5° with the error alternating in sign.
The bearing errors decrease and then increase with the opposite
polarity as the phase shift increases.

Section 1V in the ADF 2070 Maintenance Manual shows
satisfactory ratios of sine/cosine antenna outputs to sense an-
tenna outputs (E/H) lie in the range of .094 to 0.5.

Large phase shifts decrease phase modulation as well as
introducing bearing errors. System noise and residual errors
will then make more significant contributions to larger bearing
errors, the magnitude of which is difficult to estimate.

A variety of other effects may also contribute to the effec-
tive phase shift of E versus H components, including
manufacturing and alignment tolerances, field distortion induced
by the guidance system structure and payload, and tracking of the
loop and sense antenna phase characteristics versus frequency
‘(this last requires compensation in the antenna amplifier).

Considering these various factors, maximum useable E versus
H phase shift for the ADF receiver is about 45°,

Electromagnetic Near Field

The bearing measurement accuracy of the ADF receiver is
influenced by both the phase shift and the relative amplitude
ratio of the electric and magnetic fields. The magnetic field
used for basic angle measurement does not cause bearing errors in
the near field because it has only a single component which al-
ways lies perpendicular to the beacon radial. The amplitude
ratio, of the electric and magnetic fields does vary in the near
field, but system adjustments can allow operation over reasonably
wide variations. Phase shift between the E and H components be-
yond about 45 degrees cannot be compensated in the system.
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For an electric dipole less than 0.1\ high, such as the bea-
con antenna, the electromagnetic field is given by:

Er = - (30 £ A I/m) (cos 6/r3) (cos V - ar sin V)
Et = (30 & A I/2n) (sin 9/:3) (cos V - ar sin V - (ar)2 cos V)
H = (1/4m) & I (sin 6/r2) (sin V - ar cos V)

Above a perfectly reflecting plane, the above values would
double. Here,

Er = radial electric field component
Et = tangential electric field component
H = magnetic field component
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